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NUCLEIC ACIDS ENCODING GDP-FUCOSE 
PYROPHOSPHORYLASE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from U.S. provisionaJ application serial 
No. 60/015,241, incorporated by reference. In addition, this application is related to 
copending application numbers 08/628,543 for "Improved Enzymatic Synthesis of 
Oligosaccharides" and 08/628,545 for "Improved Enzymatic Synthesis of Glycosidic 
Linkages", both filed on April 10, 1996, which are incorporated by reference. 

FIELD OF THE INVENTION 

The present invention relates to isolated GDP-fucose pyrophosphorylase 
enzymes and nucleic acids encoding them. The enzymes are particularly useful in the 
synthesis of oligosaccharides. 

BACKGROUND OF THE INVENTION 

Increased understanding of the role of carbohydrates as recognition 
elements on the surface of cells has led to increased interest in the production of 
carbohydrate molecules of defined structure. For instance, compounds comprising the 
sialyl Lewis ligands, sialyl Lewis x and sialyl Lewis 3 are present in leukocyte and non- 
leukocyte cell lines that bind to receptors such as the ELAM-1 and GMP 140 receptors. 
Polley et al, Proc. Natl. Acad. ScL, USA, 88:6224 (1991) and Phillips et al., Science, 
250:1130 (1990), see, also, U. S.S.N. 08/063,181. 

Because of interest in making desired carbohydrate structures, 
glycosyltransferases and their role in enzyme-catalyzed synthesis of carbohydrates are 
presently being extensively studied. These enzymes exhibit high specificity and are 

useful in forming carbohydrate structures of defined sequencer Consequently , 

glycosyltransferases are increasingly employed as enzymatic catalysts in the synthesis of 
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a number of carbohydrates used for therapeutic and other purposes (Ito a ai. Pure Appl. 
Chem., 65:753 (1993); U.S. Patents 5,352,670, and 5,374,541). 

Synthesis of desired carbohydrate compounds has been achieved on 
preparative scales using enzymatic cycles using glycosyltransferases such as 0 1 ,4 
5 galactosyltransferase and a2,3 sialyltransferase (See, e.g., U.S. Patent No. 5.374,541; 
WO 9425615; and Ichikawa, et al.,J. Am. Chem. Soc, 114:9283-9298 (1992)). 

Although fucosyltransferases have been cloned and expressed, enzymes for 
the production of guanosine 5-diphospho-/3 L-fucose (GDP-fucose), the donor substrate 
for the fucosyltransferases are not readily available. Use of fucosyltransferase cycles 
10 would be greatly facilitated if GDP-fucose can be readily regenerated enzymatically. 
The present invention fulfills these and other needs. 

SUMMARY OF THE INVENTION 

The present invention provides compositions comprising isolated 
15 GDP-fucose pyrophosphorylase (GDPFPP) enzymes as well as nucleic acids that encode 
them. 

The proteins of the invention can be derived from a variety of sources and 
specifically bind to antibodies generated against a protein having a sequence as shown in 
SEQ ID NO:2. A particular example of the proteins of the invention is provided: a 
20 protein that has GDP-fucose pyrophosphorylase activity as defined herein, a molecular 
weight of approximately 66-kD. and a sequence as shown in SEQ. ID. No. 2. 

The nucleic acids of the invention can be derived from a variety of sources 
and typically hybridize under stringent conditions to a nucleic acid with a sequence as 
shown in SEQ ID NO:l. The nucleic acids may be incorporated into appropriate 
25 recombinant DNA construct comprising a promoter operably linked to the nucleic acid. 
The promoter can be selected to direct expression of in any desired cell. e.g. . 
mammalian cells, insect cells, fungal cells, and the like. 

The invention further comprises compositions and kits that contain (alone, 
or in combination): oligonucleotides that specifically hybridize to SEQ ID NO:l under 
30 stringent conditions, antibodies or antisera that specif.cally bind to SEQ ID NO:2, and a 
protein that specifically cross-reacts with SEQ ID NO:2 and has GDPFPP activity. 
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Definitions 

As used herein, "GDP-fucose pyrophosphorylase M is an isolated 
polypeptide or protein preparation capable of catalyzing the following reaction: GTP + 
fucose I-P - GDP-fucose + PPj. The term further refers to, and explicitly 
encompasses, proteins that specifically cross-react with specific antisera to SEQ ID 
NO:2. 

A "conservative substitution" , when describing a protein refers to a 
change in the amino acid composition of the protein that does not substantially alter the 
protein's activity. Thus, "conservatively modified variations** of a particular amino acid 
sequence refers to amino acid substitutions of those amino acids that are not critical for 
protein activity or substitution of amino acids with other amino acids having similar 
properties {e.g., acidic, basic, positively or negatively charged, polar or non-polar, etc.) 
such that the substitutions of even critical amino acids do not substantially alter activity. 
Conservative substitution tables providing functionally similar amino acids are well 
known in the art. The following six groups each contain amino acids that are 
conservative substitutions for one another: 

1) Alanine (A), Serine (S), Threonine (T); 

2) Aspartic acid (D), Glutamic acid (E); 

3) Asparagine (N), Glutamine (Q); 

4) Arginine (R), Lysine (K); 

5) Isoleucine (1), Leucine (L), Methionine (M), Valine (V); and 

6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W). 

See also, Creighton (1984) Proteins W.H. Freeman and Company. In addition, individual 
substitutions, deletions or additions which alter, add or delete a single amino acid or a 
small percentage of amino acids in an encoded sequence are also "conservatively 
modified variations* . 

The term "isolated" is meant to refer to material which is substantially or 
essentially free from components which normally accompany the enzyme as found in its 
native state. Thus, the enzymes of the invention do not include materials normally 
associated with their in siiu environment. Typically, isolated proteins of the invention 
are at least about 80% pure, usually at least about 90%, and preferably at least about 
95% as measured by band intensity on a silver stained gel. The polypeptides may be 
purified from transgenic cells or cells which they are naturally expressed. 
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An example of the GDP-fucose pyrophosphorylasc enzymes of the 
invention is a protein that has a molecular weight of about 66 kD and GDPFPP activity. 
GDPFPP enzymatic activity can be assayed in a number of ways. Three preferred assays 
are presented in detail below. An isolated, purified GDPFPP of the invention will 
5 generally catalyze the production of GDP-fucose from GTP and fucose 1 -phosphate 
under conditions described in assay # 2. 

Two polynucleotides or polypeptides are said to be "identical" if the 
sequence of nucleotides or amino acid residues in the two sequences is the same when 
aligned for maximum correspondence. Optimal alignment of sequences for comparison 
10 may be conducted by the local homology algorithm of Smith and Waterman Adv. AppL 
Math. 2: 482 (1981), by the homology alignment algorithm of Needleman and Wunsch J. 
Mol. Biol. 48:443 (1970), by the search for similarity method of Pearson and Lipman 
Proc. Natl. Acad. Sci. (U.S.A.) 85: 2444 (1988), by computerized implementations of 
these algorithms (GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin Genetics 
15 Software Package, Genetics Computer Group, 575 Science Dr., Madison, WI), or by 
inspection. 

The term "substantial identity" means that a polypeptide comprises a 
sequence that has at least 80% sequence identity, preferably 90%, more preferably 95% 
or more, compared to a reference sequence over a comparison window of about 20 
20 residues to about 600 residues- typically about 50 to about 500 residues usually about 
250 to 300 residues. The values of percent identity are determined using the programs 
above. 

Another indication that polypeptide sequences are substantially identical is 
if one protein is immunologically reactive with antibodies raised against the other 

25 protein. Thus, the GDPFPP enzymes of the invention include polypeptides 

immunologically reactive with antibodies raised against a protein having a sequence as 
shown in SEQ. ID. No. 2. The phrase "specifically binds to an antibody" or 
"specifically immunoreactive with", when referring to a protein or peptide, refers to a 
binding reaction which is determinative of the presence of the protein in the presence of 

30 a heterogeneous population of proteins and other biologies. Thus, under designated 

immunoassay conditions, the specified antibodies bind to a particular protein and do not 
bind in a significant amount to other proteins present in the sample. Specific binding to 
an antibody under such conditions may require an antibody that is selected for its 
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specificity for a particular protein. A variety of immunoassay formats may be used to 
select antibodies specifically immunoreactive with a particular protein. For example, 
solid-phase ELISA immunoassays are routinely used to select monoclonal antibodies 
specifically immunoreactive with a protein. See Harlow and Lane (1988) Antibodies, A 
5 Laboratory Manual, Cold Spring Harbor Publications, New York, for a description 
of immunoassay formats and conditions that can be used to determine specific 
immunoreactivity. 

Another indication that nucleotide sequences are substantially identical is if 
two molecules hybridize to each other under stringent conditions. Stringent conditions 

10 are sequence-dependent and will be different in different circumstances. Generally, 

stringent conditions are selected to be about 5° to about 20° C, usually about 10° C to 
about 15° C, lower than the thermal melting point (Tm) for the specific sequence at a 
defined ionic strength and pH. The Tm is the temperature (under defined ionic strength 
and pH) at which 50% of the target sequence hybridizes to a perfectly matched probe. 

15 Typically , stringent conditions will be those in which the salt concentration is about 0.02 
molar at pH 7 and the temperature is at least about 60° C. For instance in a standard 
Southern hybridization procedure, stringent conditions will include an initial wash in 6X 
SSC at 42° C followed by one or more additional washes in 0.2X SSC at a temperature 
of at least about 55° C, typically about 60 Q C and often about 65° C. 

20 Nucleotide sequences are also substantially identical for purposes of this 

application when the polypeptides which they encode are substantially identical. Thus, 
where one nucleic acid sequence encodes essentially the same polypeptide as a second 
nucleic acid sequence, the two nucleic acid sequences are substantially identical, even if 
they would not hybridize under stringent conditions due to silent substitutions permitted 

25 by the genetic code (see, Darnell et al (1990) Molecular Cell Biology, Second Edition 
Scientific American Books W.H. Freeman and Company New York for an explanation 
of codon degeneracy and the genetic code). 

Protein purity or homogeneity may be indicated by a number of means 
well known in the art, such as polyacrylamide gel electrophoresis of a protein sample, 

30 followed by visualization upon staining. For certain purposes high resolution will be 
needed and HPLC or a similar means for purification utilized. 

The term "residue" refers to an amino acid (D or L) or amino acid 
mimetic incorporated in a oligopeptide by an amide bond or amide bond mimetic. An 
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amide bond mimetic of the invention includes peptide backbone modifications well 
known to those skilled in the art. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention provides isolated GDP-fucose pyrophosphorylase 
(GDPFPP) and nucleic acids encoding the enzyme. The nucleic acids are used to 
recombinant^ express the enzyme, which can be used in a variety of applications. A 
particularly useful application is for regeneration of GDP-fucose in fucosyltransferase 
cycles in the synthesis of carbohydrates. 

Little is known about the enzymes involved in the metabolism of 
GDP-fucose. In most organisms, GDP-fucose is formed from GDP-mannose by the 
sequential action of three distinct enzymatic activities: GDP-D-mannose 4,6-dehydratase, 
and a single protein thataccomplishes epimerization and reduction, 
GDP-4-keto-6-deoxy-D-mannose-3,5-epimerase-4- reductase (Ginsburg, et al. % J. Biol 
Chcm., 236, 2389-2393 (1961) and Chang, et aL,J. Biol. Chcm., 263, 1693-1697 
(1988)). A minor or "scavenge" pathway also exists, in which free fucose is 
phosphorylated by fucokinase to form fucose 1 -phosphate, which, along with guanosine 
5' -triphosphate (GTP), is used by GDP-fucose pyrophosphorylase to form GDP-fucose 
(Ginsburg, et al,J. Biol Chenu, 236, 2389-2393 (1961) and Reitman, J. Biol. Chem., 

255, 9900-9906 (1980)). 

The enzymes of the invention are particularly useful in methods for the 
formation of a glycosidic linkage which takes place in a reaction medium comprising at 
least one glycosyl transferase (e.g. , fucosy [transferase), a donor substrate [e.g. , GDP- 
fucose) which is usually formed during the reaction by the action of the GDPFPP, an 
acceptor sugar and a divalent metal cation. The methods rely on the use of a glycosyl 
transferase to catalyze the addition of a saccharide to a substrate saccharide. The 
addition takes place at the non-reducing end of an oligosaccharide or carbohydrate moiety 
on a biomolecule. Biomolecules as defined here include but are not limited to 
biologically significant molecules such as proteins (e.g., glycoproteins), and lipids {e.g., 
glycolipids, phospholipids, sphingolipids and gangliosides). In these methods, the 
divalent metal ion concentration is typically supplemented during the formation of the 
glycosidic linkage to replenish the concentration of the metal cation in the reaction 
medium between about 2 mM and about 75 mM. 
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The following abbreviations are used herein: 



10 



30 



Ara 


— araDlnOSyi, 


Fru 




Pi ir 


= fucosyl; 


Gal 


= galactosyl; 


GalNAc 


= N-acety]galacto; 


Glc 


= giucosyl; 


GlcNAc 


= N-acetylgluco; 


Man 


= mannosyl; and 


NeuAc 


= sialyl (N-acetylneuraminyl). 



Oligosaccharides are considered to have a reducing end and a non-reducing 
end, whether or not the saccharide at the reducing end is in fact a reducing sugar. In 
accordance with accepted nomenclature, oligosaccharides are depicted herein with the 

15 non-reducing end on the left and the reducing end on the right. 

All oligosaccharides described herein are described with the name or 
abbreviation for the non-reducing saccharide {e.g., Gal), followed by the configuration of 
the glycosidic bond (a or 0), the ring bond, the ring position of the reducing saccharide 
involved in the bond, and then the name or abbreviation of the reducing saccharide (e.g., 

20 GlcNAc). The linkage between two sugars may be expressed, for example, as 2,3, 2-3, 
or (2,3). Each saccharide is a pyranose. 

A. General Methods 

Much of the nomenclature and general laboratory procedures required in 
25 this application can be found in Sambrook, et al. , Molecular Cloning a Laboratory 
MANUAL (2nd Ed.), Vol. 1-3, Cold Spring Harbor Laboratory, Cold Spring Harbor, New 
York, 1989. The manual is hereinafter referred to as "Sambrook, et al. " 

The practice of this invention involves the construction of recombinant 
nucleic acids and the expression of genes in transfected cells. Molecular cloning 
techniques to achieve these ends are known in the art. A wide variety of cloning and in 
vitro amplification methods suitable for the construction of recombinant nucleic acids are 
well-known to persons of skill. Examples of these techniques and instructions sufficient 
to direct persons of skill through many cloning exercises are found in Berger and 
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Kimmcl, Guide to Molecular Cloning Techniques, Methods in Enzymology volume 
152 Academic Press, Inc., San Diego, CA (Berger); and Current Protocols in 
Molecular Biology, F.M. Ausubel et al., eds., Current Protocols, a joint venture 
between Greene Publishing Associates, Inc. and John Wiley & Sons, Inc., (1994 
Supplement) (Ausubel). 

Examples of techniques sufficient to direct persons of skill through in vitro 
amplification methods, including the polymerase chain reaction (PCR) the ligase chain 
reaction (LCR), Q/J-replicasc amplification and other RNA polymerase mediated 
techniques are found in Berger, Sambrook, and Ausubel, as well as Mullis et al., (1987) 
U.S. Patent No. 4,683,202; PCR Protocols A Guide to Methods and applications 
Gnnis et al. eds) Academic Press Inc. San Diego, CA (1990) (Innis); Arnheim & 
Levinson (October 1, 1990) C&EN 36-47; The Journal Of N1H Research (1991) 3, 81- 
94; (Kwoh et al. (1989) Proc. Natl. Acad. Sci. USA 86, 1173; Guatelli et al. (1990) 
Proc. Natl. Acad. Sci. USA 87, 1874; Lomell el al. (1989) J. Clin. Chem 35. 1826; 
Landcgren et ai, (1988) Science 241, 1077-1080; Van Brunt (1990) Biotechnology 8, 
291-294; Wu and Wallace, (1989) Gene 4, 560; and Barringer el al. (1990) Gene 89, 
117. Improved methods of cloning in vitro amplified nucleic acids are described in 
Wallace et ai, U.S. Pat. No. 5,426,039. 

The culture of cells used in the present invention, including cell lines and 
cultured cells from tissue or blood samples is well known in the art. Freshney (Culture 
of Animal Cells, a Manual of Basic Technique, third edition Wiley-Liss, New York 
(1994)) and the references cited therein provides a general guide to the culture of cells. 

B. Methods for isolating DNA enrndinp G DPFPP 
The nucleic acid compositions of this invention, whether RNA, cDNA, 
genomic DNA, or a hybrid of the various combinations, may be isolated from natural 
sources or may be synthesized in vitro. The nucleic acids claimed may be present in 
transformed or transfected whole cells, in a transformed or tfansfected cell lysate, or in a 
partially purified or substantially pure form. 

Techniques for manipulation of nucleic acids encoding the enzymes of the 
invention, such as subcloning nucleic acid sequences encoding polypeptides into 
expression vectors, labelling probes, DNA hybridization, and the like axe described 
generally in Sambrook et nl. 
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Recombinant DNA techniques can be used to produce GDPFPP. In 
genera], the DNA encoding the enzymes are first cloned or isolated in a form suitable for 
ligation into an expression vector. After ligation, the vectors containing the DNA 
fragments or inserts are introduced into a suitable host cell for expression of the 
recombinant enzymes. The enzymes are then isolated from the host cells. 

There are various methods of isolating the DNA sequences encoding 
GDPFPP. Typically, the DNA is isolated from a genomic or cDNA library using 
labelled oligonucleotide probes specific for sequences in the DNA. The DNA libraries 
can be prepared from any organism or cell type that produces the enzymes. For 
instance, both prokaryotic and eukaryotic organisms can be used. Typically the nucleic 
acids are prepared from mammalian cells or tissue. The particular species from which 
the nucleic acids are isolated is not critical so long as enzymes of sufficient activity are 
encoded. Suitable sources include human, rat, mouse, rabbit, pig, and other mammals. 
Other organisms that can be used include Caenorhabditis elegans, the slime mold 
Dictyosteliwn discoideum, plants such as Zea mays, Arabidopsis thaliana, Vigna radiata 
(mung bean), algae such as Fucus gardnicri, bacteria such as but not limited to: 
Mycobaterium kansasii, Mycobacterium szulgai, Mycobacterium avium, and 
Mycobacterium tuberculosis. Neisseria gonorrhoeae, Neisseria Meningitidis, and 
Nesseria lactamica, Helicobacter pylori, Streptococcus pyogenes, the fungi: Candida 
albicans, Schizosaccaromyces pombe, Aspergillus niger, Aspergillus nidulans, the fruit 
fly Drosophila melanogaster, amphibians such as Xenopus iaevis, etc. The sequence of 
the probes used to isolate the nucleic acids is based on the nucleic acid sequences 
disclosed here. If cDNA libraries are used, mRNA from kidney or thyroid tissue is 
typically used to prepare the cDNA (However, GDPFPP mRNA is ubiquitously 
expressed in all tissues assayed by Northern blot using a human cDNA probe, and any 
tissue that express the mRNA may be used). 

The polymerase chain reaction can also be used to prepare the DNA. 
Polymerase chain reaction technology (PCR) is used to amplify GDPFPP nucleic acid 
sequences directly from mRNA, from cDNA, and from genomic libraries or cDNA 
libraries. 

Appropriate primers and probes for amplifying the GDPFPP DNA's are 
generated from analysis of the DNA sequences. In brief, oligonucleotide primers that 
are complementary to the DNA sequen-es located on both sides of the region to be 
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amplified are synthesized. The polymerase chain reaction is then carried out using the 
two primers. See PCR Protocols: A Guide to Methods and Applications. (Innis, 
M, Gelfand, D., Sninsky, J. and White, T., eds.), Academic Press, San Diego (1990). 
Primers can be selected to amplify the entire gene or to amplify smaller segments, as 
desired. Preferred probes for this purpose are 5'-TCA-GAT-ATC-GGG-GCT-ATG- 
CCA-GCT-GCT-AGO' and S'-ATA-GAT-ATC-TCT-GGA-ATG-TTA-CTC-AAA-AAG- 

GCA-A-3', respectively. 

Oligonucleotides for use as probes and primers are chemically synthesized 
according to the solid phase phosphoramidite triester method first described by Beaucage, 
S.L. and Caruthers, M.H., (1981) Tetrahedron Letts., 22(20): 1859- 1862 using an 
automated synthesizer, as described in Needham-VanDevanter, D.R., et al. 1984, 
Nucleic Acids Res., 12:6159-6168. Purification of oligonucleotides is by either native 
acrylamide gel electrophoresis or by anion-exchange HPLC as described in Pearson, J.D. 
and Regnier, F.E. (1983), J. Chrom., 255:137-149. 

The sequence of the synthetic oligonucleotides can be verified using the 
chemical degradation method of Maxam, A.M. and Gilbert, 1980, in W., Grossman, L. 
and Moldavc, D., eds. Academic Press, New York, Methods in Enzymology, 
65:499-560. 

Other methods known to those of skill in the art may also be used to 
isolate DNA encoding all or part of the GDPFPP enzyme. See Sambrook, et al. 
C. FfT"^ 8 "" of GDPFPP 

Once desired DNAs are isolated and cloned, one may express the desired 
polypeptides in a recombinant^ engineered cell such as bacteria, fungus (including 
yeast), insect (especially employing baculoviral vectors), and mammalian cells. It is 
expected that those of skill in the art are knowledgeable in the numerous expression 
systems available for expression of the DNA encoding the enzymes. No attempt to 
describe in detail the various methods known for the expression of proteins in 
prokaryotes or eukaryotes will be made. 

In brief summary, the expression of natural or synthetic nucleic acids 
encoding GDPFPP will typically be achieved by operably linking the DNA or cDNA to 
promoter (which is either constitutive or inducible), followed by incorporation into an 
expression vector. The vectors can be suitable for replication and integration in either 
prokaryotes or eukaryotes. Typical expression vectors contain transcription and 
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translation terminators, initiation sequences, and promoters useful for regulation of the 
expression of the DNA encoding the enzymes. To obtain high level expression of a 
cloned gene, it is desirable to construct expression plasmids which contain, at the 
minimum, a strong promoter to direct transcription, a ribosome binding site for 
translational initiation, and a transcription/translation terminator. 

1- Expression in Prokarvotes 

Examples of regulatory regions suitable for this purpose in E. coli are the 
promoter and operator region of the £. coli tryptophan biosynthetic pathway as described 
by Yanofstcy, C, 1984, J. BacterioL, 158:1018-1024 and the leftward promoter of phage 
lambda (PJ as described by Herskowitz, 1. and Hagen, D., 1980, Ann. Rev. Genet., 
14:399-445. The inclusion of selection markers in DNA vectors transformed in E. coli 
is also useful. Examples of such markers include genes specifying resistance to 
ampicillin, tetracycline, or chloramphenicol. See Sambrook et at. for details concerning 
selection markers for use in E. coli. 

The vector is selected lo allow introduction into the appropriate host cell. 
Bacterial vectors are typically of plasmid or phage origin. Appropriate bacterial cells are 
infected with phage vector particles or transfected with naked phage vector DNA. If a 
plasmid vector is used, the bacterial cells are transfected with the plasmid vector DNA. 

Expression systems for expressing the enzymes are available using £. coli, 
Bacillus sj>. (Palva, I. tt al, 1983, Gene 22:229-235; Mosbach, K. et al, Nature 
302:543-545 and Salmonella. E. coli systems are preferred. 

The polypeptides produced by prokaryote cells may not necessarily fold 
properly. During purification from E. coli, the expressed polypeptides may first be 
denatured and then renatured. This can be accomplished by solubilizing the bacterially 
produced proteins in a chaotropic agent such as guanidine HCI and reducing all the 
cysteine residues with a reducing agent such as beta-mercaploethanol. The polypeptides 
are then renatured, either by slow dialysis or by gel filtration. U.S. Patent No. 
4,511,503. 

Detection of the: expressed enzyme is achieved by methods known in the 
art as radioimmunoassays, Western blotting techniques, immunoprecipitation, or activity 
assays. Purification from E. coli can be achieved following procedures described in U.S. 
Patent No. 4,511,503. 
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2. Expression i n Euknrvotes 

A variety of eukaryotic expression systems such fungal cells (particularly 
yeast), insect cell lines and mammalian cells, are known to those of skill in the art. As 
explained briefly below, the enzymes may also be expressed in these eukaryotic systems. 

a. Expression in Fungal Cells. Including Yeast 

In addition to use in recombinant expression systems, the isolated 
GDPFPP DNA sequences can also be expressed in fungal cells. 

Techniques for transforming fungi arc well known in the literature, and 
have been described, for instance, by Beggs, Hinnen et al (Proc. Natl. Acad. Sci. USA 
75: 1929-1933 (1978)), Yelton et al {Proc. NatL Acad. Sci. USA 81: 1740-1747 

(1984) ), and Russell (Nature 301: 167-169 (1983)). Typically, filamentous fungi, for 
example, strains of the fungi Aspergillus (McKnight et al, U.S. Patent No. 4,935,349) 
are used. Examples of useful promoters include those derived from Aspergillus nldulans 
glycolytic genes, such as the ADH3 promoter (McKnight et al, EMBO J. 4 : 2093-2099 

(1985) ) and the tpiA promoter. An example of a suitable terminator is the ADH3 
terminator (McKnight et al). The expression units utilizing such components are cloned 
into vectors that are capable of insertion into the chromosomal DNA of Aspergillus. 

Synthesis of heterologous proteins in yeast is well known and described in 
the literature. Methods in Yeast Genetics, Sherman, F., et al, Cold Spring Harbor 
Laboratory, (1982) is a well recognized work describing the various methods available to 
produce the enzymes in yeast. 

Examples of promoters for use in yeast include GAL1,10 (Johnson, M., 
and Davies, R.W., 1984, Mol and Cell Biol, 4:1440-1448) ADH2 (Russell, D., et al 
1983, J. Biol Chem., 258:2674-2682), PH05 (EMBO J. 6:675-680, 1982), and MFal 
(Herskowitz, 1. and Oshima, Y., 1982, in The Molecular Biology of the Yeast 
Saccharomyces, (eds; Strathern, J.N. Jones, E.W., and Broach, J.R., Cold Spring 
Harbor Lab., Cold Spring Harbor, N.Y., pp. 181-209. A multicopy plasmid with a 
selective marker such as Leu-2, URA-3, Trp-1, and His-3 is also desirable. 

A number of yeast expression plasmids like YEp6, YEpl3, YEp4 can be 
used as vectors. A gene of interest can be fused to any of the promoters in various yeast 
vectors. The above-mentioned plasmids have been fully described in the literature 
(Botstein, et al, 1979, Gene, 8:17-24; Broach, et al, 1979, Gene, 8:121-133). 
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Two procedures are used in transforming yeast cells. In one case, yeast 
cells are first converted into protoplasts using zymolyase, lyticase or glusulase, followed 
by addition of DNA and polyethylene glycol (PEG). The PEG-trcated protoplasts are 
then regenerated in a 3% agar medium under selective conditions. Details of this 
procedure are given in the papers by J.D. Beggs, 1978, Nature (London). 275:104-109; 
and Hinnen, A., et al, 1978, Proc. Natl. Acad. Sci. USA, 75:1929-1933. The second 
procedure does not involve removal of the cell wall. Instead the cells are treated with 
lithium chloride or acetate and PEG and put on selective plates (Ito, H., et al., 1983, J. 
Baa., 153:163-168). 

The enzymes can be isolated from yeast by lysing the cells and applying 
standard protein isolation techniques to the lysates. The monitoring of the purification 
process can be accomplished by using Western blot techniques or radioimmunoassays of 
other standard immunoassay techniques. 

b. Expression in Mammalian and Insect Cell Cultures 
15 Illustrative of cell cultures useful for the production of GDPFPP are cells 

of insect or mammalian origin. Mammalian ceil systems often will be in the form of 
monolayers of cells although mammalian cell suspensions may also be used. Illustrative 
examples of mammalian cell lines include VERO and HeLa cells. Chinese hamster ovary 
(CHO) cell lines, W138, BHK, Cos-7 or MDCK cell lines. 
20 As indicated above, the vector, e. g., a plasmid, which is used to 

transform the host cell, preferably contains DNA sequences to initiate transcription and 
sequences to control the translation of the gene sequence. These sequences are referred 
to as expression control sequences. When the host cell is of insect or mammalian origin 
illustrative expression control sequences are obtained from the SV-40 promoter (Science, 
25 222:524-527, 1983), the CMV I.E. Promoter (Proc. Natl. Acad. Sci. 81:659-663, 1984) 
or the metallothionein promoter (Nature 296:39-42, 1982). The cloning vector 
containing the expression control sequences is cleaved using restriction enzymes and 
adjusted in size as necessary or desirable and ligated with DNA coding for desired 
polypeptides by means well known in the art. 
30 As with yeast, when higher animal host cells are employed, 

polyadenlyation or transcription terminator sequences from known mammalian genes 
need to be incorporated into the vector. An example of a terminator sequence is the 
polyadenlyation sequence from the bovine growth hormone gene. Sequences for accurate 
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splicing of the transcript may also be included. An example of a splicing sequence is the 
VP1 intron from SV40 (Sprague, J. et al., 1983, J. Virol. 45: 773-781). 

Additionally, gene sequences to control replication in the host cell may be 
incorporated into the vector such as those found in bovine papilloma virus type-vectors. 
Saveria-Campo, M., 1985, "Bovine Papilloma virus DNA a Eukaryotic Cloning Vector- 
in DNA Cloning Vol. II a Practical Approach Ed. D.M. Glover, IRL Press, Arlington, 

Virginia pp. 213-238. 

The host cells are competent or rendered competent for transformation by 
various means. There are several well-known methods of introducing DNA into animal 
cells. These include: calcium phosphate precipitation, fusion of the recipient cells with 
bacterial protoplasts containing the DNA, treatment of the recipient cells with liposomes 
containing the DNA, DEAE dextran, clectroporation and micro-injection of the DNA 

directly into the cells. 

The transformed cells are cultured by means well known in the art. 
Biochemical Methods in Cell Culture and Virology, Kuchler, R.J., Dowden, Hutchinson 
and Ross, Inc., (1977). The expressed enzymes are isolated from cells grown as 
suspensions or as monolayers. The latter are recovered by well known mechanical, 
chemical or enzymatic means. 

D. Preparation of Antibodies tn GDPFPP 

Methods of producing polyclonal and monoclonal antibodies are known to 
those of skill in the art. See, e.g., Coligan (1991), Current Protocols in 
Immunology, Wiley/Greene, NY; and Harlow and Lane (1989), Antibodies: A 
Laboratory Manual, Cold Spring Harbor Press, NY; Stites et at. (eds.) Basic and 
Clinical Immunology (4th ed.) Lange Medical Publications, Los Altos, CA, and 
references cited therein; Coding (1986), Monoclonal antibodies: Principles and 
Practice (2d ed.) Academic Press, New York, NY; and Kohler and Milstein (1975), 
Nature, 256:495-497. Such techniques include antibody preparation by selection of 
antibodies from libraries of recombinant antibodies in phage or similar vectors. Sec, 
Huse et al. (1989), Science, 246:1275-1281; and Ward et al. (1989) Nature, 
341:544-546. The antibody can also be selected from a phage display library screened 
against GDPFPP {see, e.g. Vaughan et al. (1996) Nature Biotechnology, 14: 309-314 
and references therein). The antibodies or antisera may be used to specifically 
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characterize, detect or isolate proteins that crossreact with SEQ ID NO:2, by any of a 
variety of methods: Western blotting, immunoaffinity chromatography, ELISA, 
immunofluorescence microscopy, etc. 

For example, in order to produce antisera for use in an immunoassay, the 

5 polypeptide of SEQ ID NO: 1 or a fragment thereof is isolated as described herein. For 
example, recombinant protein is produced in a transformed cell line. An inbred strain of 
mice or rabbits is immunized with the protein of SEQ ID NO: 2 or a peptide thereof, 
using a standard adjuvant, such as Freund's adjuvant, and a standard immunization 
protocol. Alternatively, a synthetic peptide derived from the sequences disclosed herein 

10 and conjugated to a carrier protein can be used an immunogen. Polyclonal sera are 

collected and titered against the immunogen protein in an immunoassay, for example, a 
solid phase immunoassay with the immunogen immobilized on a solid support. 
Polyclonal antisera with a titer of 10 4 or greater are selected and tested for their cross 
reactivity against non-GDPFPP or even GDPFPP from other celltypes or species or a 

15 peptide fragment thereof, using a competitive binding immunoassay. Specific 

monoclonal and polyclonal antibodies and antisera will usually bind with a of at least 
about 0.1 mM, more usually at least about 1 pM t preferably at least about .1 /xM or 
better, and most preferably, .01 jxM or better. 

Specific binding to an antibody under such conditions may require an 

20 antibody that is selected for its specificity for a particular protein. For example, antisera 
raised to a GDPFPP having the amino acid sequence depicted in Seq. ID No. 2 can be 
selected to obtain antibodies specifically immunoreactive with GDPFPP and not with 
other proteins. 

A variety of immunoassay formats may be used to select antibodies 
25 specifically immunoreactive with a particular protein. For example, solid-phase ELISA 
immunoassays are routinely used to select monoclonal antibodies specifically 
immunoreactive with a protein. See Harlow and Lane (1988) Antibodies, A Laboratory 
Manual, Cold Spring Harbor Publications, New York, for a description of immunoassay 
formats and conditions that can be used to determine specific immunoreactivity. 
30 Immunoassays in the competitive binding format can be used for the 

crossreactivity determinations. For example, the protein of Seq. ID, No. 2 can be 
immobilized to a solid support. Proteins added to the assay compete with the binding of 
the antisera to the immobilized antigen. The ability of the above proteins to compete 
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with the binding of the antisera to the immobilized protein is compared to the protein of 
Seq. ID No. 2. The percent crossreactivity for the above proteins is calculated, using 
standard calculations. Those antisera with less than 10% crossreactivity with each of the 
proleins listed above are selected and pooled. The cross-reacting antibodies are then 
removed from the pooled antisera by immunoabsorbtion with the above-listed proteins. 

The immunoabsorbed and pooled antisera are then used in a competitive 
binding immunoassay as described above to compare a second protein to the immunogen 
protein (i.e., the protein of Seq. ID No. 2). In order to make this comparison, the two 
proteins are each assayed at a wide range of concentrations and the amount of each 
protein required to inhibit 50% of the binding of the antisera to the immobilized protein 
is determined. If the amount of the second protein required is less than 10 times the 
amount of the protein of Seq. ID No. 2 that is required, then the second protein is said 
to specifically bind to an antibody generated to an immunogen consisting of the protein 
of Seq. ID No. 2. 

This invention also embraces kits for detecting the presence of @ in tissue 
or blood samples which comprise a container containing antibodies selectively 
immunoreactive to the protein and instructional material for performing the test. The kit 
may also contain other components such as @, controls, buffer solutions, and secondary 
antibodies. Kits for detecting antibodies to @ comprise a container containing an @ 
instructional material and may comprise other materials such as secondary antibodies and 
labels as described herein. 

E. Methods for isolating and purifying GDPFPP 

The enzymes of the invention can be directly prepared from cells or tissue 

in which the enzymes are naturally expressed, or from genetically engineered cells in 

which they are expressed. 

Any of the organisms suitable for isolation of the nucleic acids of the 

invention can be used as source material for the enzyme. In the case of mammals, the 

protocol for isolation of the enzymes is generally as follows: 

1. Obtain GDPFPP-expressing tissue. 

2. Homogenize (e.g. , by sonication, or in a douncc homogenizer, or in a 
blender) in about 1-10 mis of homogenizing solution (containing protease 
inhibitors, preferably at about 4° C) per gram tissue. 
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3. Remove insoluble and particulate matter, by filtration and/or 
centrif ugation. 

4. The polypeptides of this invention may be purified to substantial purity 
by standard techniques well known in the art, including: selective 

5 precipitation in a solution in which the GDPFPP is relatively insoluble 

(e.g., ammonium sulfate, PEG); immunoaffinity chromatography using 
antibodies to a known GDPFPP such as SEQ ID NO:2; ion exchange 
chromatography on a commercially available or known ion exchange 
matrix (for example, DEAE DE-52); hydrophobic chromatography on a 
10 commercially available or known matrix (for example, Phenyl Sepharose); 

gel filtration on a commercially available or known sieving matrix (for 
example, S-300); dye-ligand chromatography (for example, using Yellow 
Sepharose and Red Sepharose); chromatofocusing (for example, using PBE 
94). See, for instance, R. Scopes, Protein Purification: Principles 
15 and Practice, Springer- Verlag: New York (1982). 

The presence, amount and relative activity of GDPFPP in a given sample, especially 
following a given purification step, is monitored by performing a GDPFPP assay and a 
protein assay of an aliquot (e.g., 1-1,000 fil) from the sample, as described herein. 
It is also monitored by sodium dodecyl sulfate polyacrylamide chromatography (SDS- 
20 PAGE). The optimal combination and order of purification steps may vary from tissue 
to tissue and from tissue donor species to species. Using the following example as a 
basic framework for a purification and analytical scheme, a skilled routineer is capable of 
determining the better combination and order of purification steps for a given tissue and 
tissue donor species, 

25 GDPFPP produced by recombinant DNA technology may also be isolated 

and purified by standard techniques well known to those of skill in the art. 
Recombinantly produced polypeptides can be directly expressed or expressed as a fusion 
protein. The protein is then purified by a combination of cell lysis {e. g. , sonication) 
and affinity chromatography. For fusion products, subsequent digestion of the fusion 

30 protein with an appropriate proteolytic enzyme release the desired enzyme, which can be 
purified as described above. 
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EXAMPLES 
Example 1 

Purification of GDPF PP from Porcine Kidney 
1 . Purification of Enzyme, 

All purification steps were carried out at 4° C. All concentration steps 
were carried out with an Amicon concentrator with a Diaflo membrane, 10,000 
molecular weight (MW) cut-off. A typical isolation protocol is described in detail below. 

Homogenization and Centrifugation: One fresh porcine kidney (130 g) 
was chopped and weighed. Buffer A (10 mM Tris-HCl, pH 7.8. 1 mM 
ethylenediamine-tetraacetic acid [EDTA], 1 mM 0-mercaptoethanol [0ME), 50 mM 
sucrose), was added at 2.5 ml per gram tissue and the tissue was homogenized in a 
blender for four 1 min. bursts. The sample was centrifuged for 40 min at 12,000 x g in 
a Beckman J-21 centrifuge. The supernatant fraction was filtered through cheesecloth 
and ultracentrifuged at 100,000 x g, for 45 min. 

Ammonium Sulfate Precipitation: A 0-30% ammonium sulfate cut was 
performed on the above supernatant fraction and the sample centrifuged for 40 min at 
12,000 xg in a Beckman J-21 centrifuge. A 30-60% ammonium sulfate cut was then 
performed, and after centrifugation as before, the pellet was collected. It was 
resuspended in and diaJyzed against buffer A. 

PEG Precipitation: To each 100 ml of dialyzed, resuspended ammonium 
sulfate pellet, 25 g PEG 8000 were added. The sample was centrifuged at 12,000 x g as 
above, the supernatant fraction discarded, and the pellet resuspended in buffer A. 

Ion Exchange Chromatography on DEAE DI>52: A 3 cm x 30 cm 
DE-52 column was equilibrated in buffer A. After loading the sample the column was 
washed with the same buffer. The enzyme was eluted with a 0-200 mM NaCI gradient 
in buffer A. Active fractions were pooled. 

Hydrophobic Chromatography on Phenyl Sepharose: Phenyl Sepharose 
(about 100 ml) was equilibrated in buffer A containing 1M ammonium sulfate. 
Ammonium sulfate was also added to 1M to the enzyme sample. After loading the 
sample, the column was washed with equilibration buffer. The enzyme was eluted from 
the column with a 1.0-0 M ammonium sulfate gradient. Active fractions were pooled. 
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Gel Filtration on S-300: A 1.6 x 120 cm column of S-300 was 
equilibrated with buffer A. The enzyme sample was concentrated to 1 ml before 
loading. Elution was performed with buffer A. Active fractions were pooled. 

Dye-Ligand Chromatography on Yellow Sepharose and Red Sepharose: 
Sigma Reactive Yellow 86 Sepharose (approximately 20 ml) was equilibrated in buffer 
A. The pooled enzyme from the previous step was applied to the column. The column 
was washed with buffer A: runthrough and wash fractions, which contained the enzyme, 
were pooled and concentrated. (The bound contaminants were eluted from the resin with 
2 M NaC) and discarded.) Sigma Reactive Red 120 Agarose (approximately 100 ml) 
was also equilibrated with buffer A. The pooled enzyme that ran through the Yellow 
Sepharose was loaded and the column washed with buffer A. Some impurities were 
eluted with 5 mM ATP in buffer A. The enzyme was then eluted with 3 mM 
pyrophosphate in buffer A. 

Gel Filtration on Sephacryl S-300: A 1.6 X 120 cm column of S-300 was 
equilibrated with buffer A. The enzyme sample was concentrated to 1 ml before 
loading. Elution was performed with buffer A. 

Chromatofocusing on PBE 94: The PBE 94 column (approximately 20 
ml) was equilibrated in 25 mM imidazole-HCl, pH 7.4, 50 mM sucrose, 1 mM EDTA, 1 
mM £ME. The sample contain enzyme was concentrated to 1 ml and loaded. The 
column was washed with the equilibration buffer. The column was eluted with a 
self-forming pH gradient using Polybuffer 74-HCI, pH 4.2, diluted 1:8. 

2. Assays for GDPFPP Activity. 

Three assays for GDP-fucose pyrophosphorylase were used in these 
studies. Since the reaction is readily reversible, it is possible to assay for the synthesis 
or hydrolysis of GDP-fucose. Assay #1 measures the pyrophosphate (PPj)-dependent 
hydrolysis of radiolabeled GDP-fucose. This is the quicker and easier of the two assays 
and was used to monitor the purification. Assay #2 measures the synthesis of 
radiolabeled GDP-fucose from radiolabeled GTP and fucose 1-P. This assay is 
time-consuming but is more specific, and was used to ensure that each completed 
preparation could indeed be used for the synthesis of GDP-fucose. Only assay tt2 was 
used to screen the cells expressing the cloned enzyme. 
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Assay #1. 

l 14 C) GDP-FUCOSE + PPj - [ 14 C] FUCOSE 1-P + GTP 

The following reagents are mixed together: 

Final concentration: 

100 mM Tris-HCl, pH 7.5 

5 mM sodium pyrophosphate 

4 mM MgCl 2 

5000 cpm [ 14 C] GDP-fucose 
diluted in 200 mM Tris-HCl, 
pH 7.5 

10 M l enzyme (or enzyme diluted to 10 pi in 200 mM Tris-HCl, pH 7.5), in a reaction 
volume of 50 pi. 

Incubate 5-10 min, 37° C. 

Add 500 pi 5% (w/v) trichloroacetic acid. Vortex. 

Add 300 pi Darco G-50 (charcoal), 150 mg/ml in water. Vortex 30 sec. 

Centrifuge out charcoal, 1500 rpm, 5 min. 

Count supernatant plus 3 ml scintillation fluid in liquid scintillation counter. 
Assay #2. 

[ 3 H] GTP + FUCOSE 1-P - l 3 H] GDP-FUCOSE + PP, 

The following reagents are mixed together: 
Final concentration: 
2 x 10 6 -1 X 10 7 cpm [ 3 H] GTP, 
dried down in SpeedVac 
0.1 mM GTP 
10 mM MgCl 2 

50 mU inorganic pyrophosphatase 

10 mM fucose 1 -phosphate 

50 mM MOPS or Tris-HCl, pH 7.5 

1 mm GTP 

12.5 mM KF 
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(phosphatase inhibitor, optional) 

Enzyme or enzyme plus buffer for balance of volume, total reaction volume 20 pi. 

Incubate 5 min, 37° C. 
5 Add 10 pi 1 M ammonium sulfate. Mix. 
Add 200 /xl ice cold methanol. Mix. 
Microfuge 2 min. 

Count 100 /il supernatant (or a smaller amount if desired) plus 3 ml scintillation fluid in 

liquid scintillation counter. 
10 Place remaining supernatant in fresh tube. SpeedVac to dryness. 

Resuspend in 5 fil ethanol. Spot 2 jil on an aluminum-backed silica TLC plate. Use a 

1/10 dilution of NEN [ 14 C]-GDP-fucose as standard. Dry with low heal. 

Run in 7:3 Ethanol/1 M ammonium acetate pH 7.5, 2-3 hours or till solvent front was at 

least halfway up the plate. Air dry. 
15 Spray with En 3 Hance. Let dry in hood for 10 min. Place in cassette with film {e.g., 

Kodak XAR film) and an intensifying screen, store at -70° C for 2h or overnight if 

needed. 

Preparation of samples for assay: When transfected cells were assayed, 
20 only assay #2 was used. The cells (from two six well plates) were washed twice with 2 
ml/well calcium-magnesium-free PBS and then removed from the plates in the same 
buffer (2 ml/well) with a cell scraper. The cells were centrifuged in a Beckman GPKR 
centrifuge, 1500 rpm, for 15 min. The pellet was washed with 2 ml of the PBS and 
centrifuged as before. Each sample was resuspended in 100 p\ of lysis buffer (50 mM 
25 Tris-HCl, pH 7.5; 1% (v/v) Triton X100; 10 mM KF; 0.5 mM AEBSF; and 2 M g/ml 
each antipain, aprotinin, chymostatin, leupeptin and pepstatin). The samples were 
homogenized with a mini-dounce. 

Assay #3> HPLC Assay of GDP-Fucose Pyrophosphorylase (GDPFPP) 
30 A quantitative reverse phase ion pairing HPLC assay for GDPFPP from 

whole cell lysates has been developed that resolves GDP-fucose from GDP-mannose as 
well as GTP, GDP, GMP.and guanosine. The elution buffers providing the best 
resolution were 20 mM potassium phosphate (monobasic), 10 mM tetrapropylammonium 
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phosphate, pH 5.0 with H3PO4 (buffer A) and methanol (buffer B), using a linear 
gradient of buffer B from 1 % to 20% over 20 minutes. Cells expressing recombinant 
GDPFPP were lysed with nonionic detergent and assayed in the presence of 50 mM Tris, 
pH 7.5; 10 mM magnesium chloride; 10 mM [ 3 H]GTP; 10 mM fucose-1 -phosphate and 
10 mUnits of pyrophosphatase for five minutes at 37° C. Assays were quenched with 
methanol, pelleted, the supernatant was dried under vacuum and resuspended in water for 
analysis by reverse phase ion pairing HPLC. The formation of GDP-fucose was followed 
by absorbance and fractions were collected for scintillation counting. Since the specific 
activity of [ 3 H)GTP in each assay is known, the CPM corresponding to GDP-fucose 
eluting off the HPLC column can be quantitated. Using this assay, 1 ml of recombinant 
baculovirus GDPFPP yielded 35 mUnits where a unit is defined as 1 ^mo\t of GDP- 
fucose formed per minute. Although linearity of this assay has yet to be established, 
under the conditions utilized, less than 10% of the GTP provided to the cell lysate was 
consumed, indicating that the assay is in the linear range. 

3. Photolabeling. 

Ny[ 32 P]-GDP-fucose was synthesized as described for 
N 3 -[ 32 P]-GDP-mannose in Szumilo, et alj. Biol Chem.. 268, 17943-17950 (1993), 
except that partially purified GDPFPP and fucose 1-P were used. The photolabeling 
experiments were carried out essentially as described in Szumilo, et al, J. Biol Chern., 
268, 17943-17950 (1993) and Potter, et al, Meth. Enzymol, 91, 613-633 (1983). 

Highly purified enzyme (10/^1) was incubated with approximately 100 jzM ' 
N 3 -[ 32 p]-GDP-fucose at room temperature and exposed to short-wave UV radiation via a 
hand-held UV lamp at a distance of 1.5 cm for 1 min. Novex SDS-PAGE sample buffer 
containing 1 % BME was added to the samples and they were subjected to electrophoresis 
on 8% or 8-16% gradient gels. Autoradiography was performed on dried gels. 

Using the above tyechniques, a 66,000 MW protein that correlated with 
GDPFPP activity and photolabeled with N 3 [ 32 P]-GDP-fucose was identified. 

4. Blotting, Proteolysis and Sequencing, 

Preparation of Enzyme for Sequencing: After chromato focusing, the 
pooled enzyme sample (fractions 18-22, 18 ml) was concentrated to 350 fil with an 
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Amicon concentrator, with a Diaflo membrane. A 200 /xl aliquot of that material was 
concentrated by lyophilization and resuspended in 50 /il DI water. 

Blotting: To 40 fi\ of the lyophilized, resuspended sample, 40 /xl Novex 
SDS-PAGE sample buffer was added, along with 10 mM each DTT and mercaptoacetic 

5 acid. The mixture was heated at 100° C for 5 min. The sample was subjected to 

electrophoresis in a Novex 8% gel with 10 mm mercaptoacetic acid in the top chamber 
of the gel box. After electrophoresis, the gel was equilibrated in 10 mm CAPS, pH II. 0 
with 10% methanol for 15 min. The proteins were blotted onto ABI PVDF (ProBlott) 
for 1.5 h at 20 V. The blot was washed with water, stained with 0.2% Ponceau S in 1% 

10 acetic acid destained in 1% acetic acid and washed with water. The appropriate protein 
was excised from the blot, placed in a 1.5 ml centrifuge tube, washed with water, and 
kept moist. The sample was stored at -20° C until shipping. 

Proteolysis and Sequencing: The isolated protein was subjected to in situ 
proteolysis with trypsin. Before pooling and proteolysis, 10% of each sample was 

15 subjected to amino acid analysis. Peptides were separated on a Vydac C-18 column. 
Strong, symmetrical peaks were chosen for sequence analysis. 

Example 2 

PCR amplification, Isolation and Cloning of cDNAs Coding for the Enzyme 
20 Using the amino acid sequences of portions of the porcine protein, human 

nucleic acid sequences comprising sequences that could encode these partial amino acid 
sequences were identified in computer databases comprising expressed sequence tags 
(ESTs). A full-length cDNA was then obtained by polymerase chain reaction using the 
following primers and amplification conditions. 
25 The first human EST that matched with a porcine GDPFPP peptide 

sequence was GenBank accession tt T75166 (NCBI gi: 691928). This EST is from the 
Merck- Washington University sequencing project and is 465 basepairs long, 335 bp of 
which was considered high quality sequence. A shorter identical EST sequence was also 
identified in the search, accession # F12805 from Genethon's cDNA sequencing project. 
30 Another two ESTs (not shown) were discovered after large sequences of the gene had 
been isolated and sequenced. 

The full-length cDNA was cloned into an appropriate vector and expressed 
in COS cells as follows. 
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1. Source of DNA template for PCR amplification. 

A cDNA library was made from the an Epstein-Barr-virus-transformed B 
lymphoblastoid cell line, JY (Terhost, C, et aL> Proc. Nail. Acad. Sri. USA 73:910), 
into the plasmid DNA vector pBSIISK(+)(Stratagene) following the protocols for RNA 
isolation, mRNA purification and cDNA library construction found in Gene Transfer 
and Expression: A Laboratory Manual, M. Kriegler, W.H, Freeman and Company 
(1990). A 0.1 ml aliquot of the library glycerol stock was inoculated into 500 ml LB 
growth media, supplemented with ampicillin at 50 /Ag/ml, and grown at 37° C for 16 
hours with agitation. The library DNA was isolated using the Qiagen Plasmid Isolation 
Kit following conditions provided by the vendor. 

2. PCR amplification. 

The human GDPFPP cDNA was amplified from the JY-cDNA library using 
native Pfu polymerase (Stratagene) and the polymerase chain reaction (PCR) using Buffer 
#1 and conditions supplied by the manufacturer. The primers generate Eco RV 
restriction sites at the 5' and 3' termini. The 5' and 3' primers were 5'-TCA-GAT- 
ATC-GGG-GCT-ATG-GCA-GCT-GCT-AG-3' and 5'-ATA-GAT-ATC-TCT-GGA-ATG- 
TTA-CTC-AAA- AAG-GCA-A-3' , respectively. The PCR procedure amplified a 1.8 kb 
fragment. 

3. Cloning the GDPFPP cDNA into expression vectors. 

The amplified GDPFPP gene was digested with the enzyme Eco RV (New 
England Biolabs) using conditions provided by the manufacturer. The blunt-end 1.8 kb 
fragment was fractionated on an agarose gel and isolated using standard techniques. The 
1.8 kb fragment was cloned into the Eco RV site of pcDNA3 (Invitrogen), the Sma I site 
of pEE12 (Celltech), and the Sma I site of pVL-1392 (Invitrogen) following standard 
techniques, generating pcDNA-GFP6, pEE12-GFP7, and pVL1392-GFP6, respectively. 

4. Transient expression of GDPFPP in COS cells. 

COS cells were transfected via deae-dextran with either plasmid pcDNA3 
or plasmid pcDNA-GFP6 following the protocol in GENE TRANSFER AND EXPRESSION: A 
Laboratory Manual, M. Kriegler. After a 72 hour incubation, cell lysates were 
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assayed for GDPFPP activity by the TLC-GDPFPP assay. Cells transfected with 
pcDNA-GFP6 generated GDP-fucose from fucose-1 -phosphate and GTP. 

5. Stable expression of GDPFPP in NSO cells. 

NSO cells were transfected by elcctroporation with plasmid pEE12-GFP7 
and glutamine synthetase positive clones were isolated following the procedures in 
[PATENT: NSO-GT). Clones were screened for GDPFPP activity by the TLC-GDPFPP 
assay. Clone GFP-5 was assayed via the HPLC-GDPFPP to produce 1.9 nanounits 
GDPFPP/cell. 

6. Construction of GDPFPP-recornbinant bacuiovirus and GDPFPP expression. 

Stock cultures of Spodopiera frugiperda insect cells (Sf9II; Gibco/BRL) 
were co-transfected with pVL1392-GFP6 and linearized BaculoGold viral DNA 
(PharMingen) using the transfection protocol of Invitrogen Inc. Recombinant GDPFPP- 
baculovinises were isolated and a high-titer stock generated by standard techniques. Sf9II 
cells were infected at a multiplicity of infection of 3. Following a 72-hour incubation at 
27° C the cells were harvested and GDPFPP purified. GDPFPP was assayed via the 
HPLC-GDPFPP to produce 5.8 nanounits GDPFPP/cell. 

Example 3 
Assay of the Transfected Cells 

Lysates of COS cells transiently transfected with vector alone or with 
vector containing the full length cDNA clone were assayed for GDPFPP activity using 
Assay #2 described in Example 1. Each sample was assayed with either fucose 
1 -phosphate or an inappropriate sugar phosphate, glucose 1 -phosphate. Specific 
GDPFPP activity was observed in the COS cells expressing the cDNA. In particular, 
GDP-fucose was detected in assay products of lysates from the cells transfected with the 
GDPFPP clone, but not in the vector alone condition. Additionally, a significant 
quantity of nucleotide sugar was not synthesized when glucose 1 -phosphate was offered 
as a substrate. 
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Example 4 

Recombinant GDPFPP from Baculovirus-infected Sf9 Cells 
Can Be Used in the Fucosyltransferase Cycle 
for the Production of Cylexin™ 

Cylexin™ is the brand name for a pentasaccharide that inhibits the adhesion 
of cells that express NeuAca2-3Gal/31-4(Fucal-3)GlcNAc (SLe x ) to selectin receptors 
such as ELAM-1. Recombinant GDPFPP from baculovirus-infected Sf9 cells can be 
used in the fucosyltransferase cycle for the production of Cylexin™. 

1. Synthesis of GFP in Baculovirus cultures. 

Sf-9 cells were grown and passaged in Sf-900 II medium (GIBCO-BRL) in 
50 ml shaker flask culture, under conditions recommended by the media manufacturer. 
The cells were grown at 27 C in the dark with continuous shaking at 130 rpm. To create 
a recombinant virus, standard protocols were used (see O' Reilly DR, Miller LK, and 
Luckow V (1992), Baculovirus Expression Vectors: A Laboratory Manual. 
New York; W.H. Freeman Co.) with some modifications. Cells were co-transfected 
with Baculogold baculovirus DNA [Pharmingen, San Diego, CA] and the purified 
transfer vector, according to the Baculogold manufacturers directions. Transfected cells 
were incubated in Sf-900 11 medium for five days after transfection, when the supernatant 
was collected. Recombinant virus was isolated by limiting dilution on fresh Sf-9 cells in 
60-well tissue culture dishes [Robbins Scientific). 

After 7 days, vims was collected from wells containing infected cells at 
dilutions that yielded less than 20% infected wells. Twelve recombinant viruses were 
expanded in volume by infection of fresh cells in 24-well tissue culture dishes. After 7 
days, each virus isolate was screened for its ability to synthesize GFP, and each isolate 
was found to be positive. One isolate (designated E-9) was chosen for further expansion 
by infection of fresh Sf-9 cells in a 225 cm 2 flask. The virus stock produced after 7 
days of infection was collected and stored as virus master stock, designated rBacv GFP 
p3. 

Sf-9 cells were grown to 1000 ml shake flask culture in a 2800-ml 
Fernbach flask in suspension culture at 27C, 130 rpm until the culture reached a density 
of 8 x 10 6 cells per ml of culture. Virus litre of the master stock was assumed to be 3 x 
10 8 pfu/ml, and the Sf-9 cells were infected at a multiplicity of infection of 
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approximately 0.2 pfu/cell in the following manner: 5 ml of virus stock were added to 
the cells in the Fernbach flask. The flask was swirled by hand 4-5 revolutions to 
distribute the virus. 500 ml of fresh media were added, and the flask was returned to the 
shaking incubator for 48 hours. After incubation, the virus was collected aseptically in 
the supernatant. The culture was transferred to sterilized one-liter bottles and the cells 
were centrifuged away (3,000 x g, 15 min) from the supernatant (virus working stock), 
which was collected and stored. The titre of the virus working stock was determined by 
calculation from the results of limiting dilution infection, as described in O' Reilly et ah, 
and was determined to be 2.4 xlO 9 pfu/ml. 

To produce GFP, Sf-9 cells were grown to 1000 ml shake flask culture in 
three 2800-mI Fernbach flasks in suspension culture at 27 C, 130 rpm until the cultures 
reached a density of approximately 8 x 10 6 cells per ml of culture. The cells were 
infected at a multiplicity of infection of approximately 3 pfu/cell using the method 
described above, with the modification of addition of 10 ml of virus working stock to 
15 each flask to achieve the desired multiplicity. After addition of virus, 500 ml of fresh 
media was added to each flask, and the cultures were returned to the shaking incubator 
for 65 hours. A one-ml analytical sample was collected and centrifuged (5000 x g, 2 
min), and the cells and supernatant were analyzed for GFP content. The remaining cells 
were harvested by centrifugation in one-liter bottles (3,000 x g, 25 min), resuspended in 
20 a small amount of fresh medium, combined, and recentrifuged. Supernatams were 
discarded. 

2. Partial Purification of GDPFPP from Baculovirus-infected Sf9 Cells. 

A 75 x g cell pellet was obtained from centrifugation of a 4 L culture of 

25 Sf9 cells infected with baculovirus harboring the cDNA for GDPFPP. The pellet was 
resuspended in 50 Mm Tris-HCl, pH 7.8 plus 2 /ig/ml each antipain, aprotinin, 
chymostatin, leupeptin and pepstatin. The sample was sonicated with a Tekmar Sonic 
Disruptor at 60% power for 6-15 sec. bursts. The sample was centrifuged at 4° C in a 
Sorvall RC-5B centrifuge in a GSA rotor at 8000 rpm for 30 min. The pellet was 

30 discarded. While the supernatant fraction was stirring rapidly, 3.5 ml of a 10% (v/v) 
solution of polyethylen(imine) was added. The mixture was centrifuged at 4° C in a 
Sorvall RC-5B centrifuge in a GSA rotor at 8000 rpm for 15 min. The pellet was 
discarded. Solid ammonium sulfate was added to 60% saturation and the sample stirred 
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at 4« C for 1 hour. The mixture was centrifuged at 4' C in a Sorval. RC-5B centrifuge 
in a GSA rotor at 8000 rpm for 15 min. The supernatant fraction was discarded. The 
pellet was resuspended in 20 ml 50 mM Tris-HCI, pH 7.8. 

3 The Fucosyltransfcrase Cycle. 

A fucosyltransfcrase cycle was run in a volume of 100 p\ with the 
following reagents: 50 mM sialy-N-acetyllactosamine; 50 mM HEPES, pH 7.5; 100 mM 
P hos P h(enol) P yruvate, adjusted to P H 7.5; 2 mM guanosine S'-diphosphate; 0.7 U 
pyruvate kinase; 50 mM fucose 1-phosphate; 5 mM M g Cl 2 ; 0.5 mg/ml (w/v) bov.ne 
serum albumin; 0.2% (w/v) NaN 3 ; 15% (v/v) GDPFPP purified as described above; and 
15% (v/v) fucosyltransfcrase V («-l,3 fucosyltransfcrase, 2.16 U/ml. partially purified 
on SP-Sepharose). The cycle was incubated at 37- C overnight. A 0.3 ,1 aliquot of a 
10 mM solution was clearly apparent in the lane containing the fucosyUransferase cycle 
sample. A 0.3 ,1 sample of the cycle spiked with 0.3 ,1 of a 3.3 mM solution of 
Cylexin- standard was run on the same plate to confirm the identity of the cycle product 
as Cylexirf*. 

The above examples are provided to illustrate the invention but not to limit 
its scope. Other variants of the invention will be readily apparent to one of ordinary 
skill in the art and are encompassed by the appended claims. All publications, patents, 
and patent applications cited herein are hereby incorporated by reference for all 
purposes. 
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Sequence I.D. No. 1 
Sequence R^nge: I to 2318 



10 20 

GCCTGCTGTC CGGCGCCCTC 

CCCACGACAC CCCGCGCCAC 

70 60 

• • * r 

CCAACTATCC CTCCCACAAG 

CCTTCATAGC GACGCTCTTC 



30 40 

TCAGCCAAGG TCGGGCTATC 
AGTCCCTTCC ACCCCCATAC 

90 100 
• • • 

CCACCCACCC AAAATTCCCG 
GGTGGGTCGC TTTTAACGCC 



50 so 

CCAGCTCCTA GGGACCCTCC 
CCTCGACCAT CCCTGGCAGG 

HO 120 

» 

AGGTTTTCCC ACCTAAGAGC 
TCCAAAAGCC TCGATTCTCC 



130 140 150 160 



17 0 180 



C ** ACTTCTA GCACGTCGAG AATTCTCGCA CATACTTGCA ATAACAGCGG CTCATCAAjJ 
GTTTCAACAT CGTGCACCTC TTAAGACCCT CTATCAACCT TATTCTCGCC SSISSS 



190 200 



ACAGGAACTT GCTTACAACC 
TCTCCTTGAA CCAATGTTGG 



210 220 



AACACCTGTC ACAAAACCTG 
TTCTCCACAC TC TTTT CGAC 



230 2 « 0 
* • 

AAAA GAAAGG ACTTACCCrT 
TTTTCTTTCC TCAATGCCCA 



250 260 
• • • . 

TCCACTTCAA TATCACCTTT 
ACCTCAACTT ATAGTCCAAA 



270 280 

* * • • 

TTCTCGATCC TCCTGCAGCC 

AACACCTAGG ACCACCTCGC 



290 300 

AAAA TTGGAA ATCGAGGATC 
TTTTAACCTT TACCTCCTAG 



310 320 330 

• • ♦ 

AACACTTTCT CCCCTTCAAT GTTTCGAAAA 
TTCTCAAACA CGGGAACTTA CAAAC CTTTT 



3 <° 350 360 

GCTATATGCA CATAAATGCA ATTCTTTTAC 
CGATATACCT CTATTTACCT TAAGAAAATC 



370 380 390 

» • • • . 

CATCTTATTA ATTCACTCTC CTCCCTACAG 
CTAGAATAAT TAAGTGACAC CACCCATCTC 



40 ° 410 420 

TCAACGACTT CCAAATCCAA CTGCTCTCGC 
ACTTCCTCAA GGTTTACGTT CACCAGACCC 



<3° 440 450 460 



470 4&o 



AAAAATTTTC ACTCCTTTAC CTCTTGGTAA CCCCATTTAT CACATCCTAC AATTAAACCT 
TTTTTAAAAG TCACGAAATG CAGAACCATT CCCCTAAATA GTCTACGATC TT^ATTTCGA 

. A$ l . 5 °? . ^ 9 "0 ^ 530 ^ S40 

ACCCATCTAC ATTCATTTCC CCTTAAATAT GAATCCTGGA ATTCTCGTTA CCTV^ZCinl 
TCGGTACATC TAACTAAACG GGAATTTATA C7TACGACC? TAAGACcIIt SESJS 



S50 560 570 580 * 590 



600 



!^T£™^ ^rr AT ^ GTA "^ACAATr TGAGTrTATT ACGTTTCACA AACC7^GCt4 
ACTATAACT7 CAAATATCAT AACCTCTTAA ACTCAAATAA TCCAAACTCT tJSS^ 
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610 620 



640 650 660 



TACTGCTTTA CCTCATCC7T CTAG7TTCAC GATAGCTACC ACACATGCAC TATTTGTCTT 
ATCACCAAAT CGACTACGAA GATCAAACTG CTATCCATCC TCTCTACCTC ATAAACACAA 

670 680 690 700 "10 "20 

ACATCCTTTT GATCATTTAA AACATACACA CCTTCAATAC AGCTCTTCCC ATCGTTTCCT 
TCTAGGAAAA CTACTAAATT TTGTATCTCT GCAACTTATG TCCAGAACCG TAGCAAACGA 

730 740 7S0 7S0 "7">0 780 

TCATAACCCC AGCATAGAAA AGATCTATCA CTTTAATCCT CTCTGTACAC CTGGAAATTT 
AGTATTCGGG TCCTATCTTT TCTACATACT CAAATTACGA CACACATCTG GACCTTTAAA 



790 800 



8 10 820 83 0 840 

. 

TTCTCAACAC CACTTVZCK GGGGTGACAT TCCCCATCTT AAATTAGACT CTGACTATGT 
AACAGTTCTC CTGAAACGAC CCCCACTCTA ACGGCTAGAA TTTAATCTCA CACTCATACA 



850 860 



870 880 890 900 



* » » » " 

CTACACACAT AGCCTATTTT ATATCGATCA TAAATCAGCA AAAATCTTAC yTGCTmTA 
GATCTGTCTA TCCCATAAAA TATACCTACT ATTTAGTCGT TTTTACAATC AACCAAAAAT 



910 920 930 



940 950 960 



TOAAAAAATA CGCACACTCA GCTGTGAAAT ACATCCCTAT GCTGACTTTC TGCAGGCTTT 
ACTTTTTTAT CCGTCTCACT CGACACTTTA TCTACGGATA CCACTCAAAC ACGTCCGAAA 

Q A L> 

970 980 990 100o' 1010 1020 

GCGACCTCCA CCAACTCTCC AGTACACCAC AAACACATCA CATCTCATTA AAGAAGAGTC 
CCCTGGACCT CGTTGACACC TCATGTCGTC TTTGTCTAGT GTACAGTAAT TTCTTCTCAG 

X030 1040 1050 ^ 1060 ^ 1M0 ^ 1080 

AGAGTTGGTA GAAATCAGGC AGAGAATATT TCATCTTCTT AAACGAACAT ^ACTAAATCT 
TCTCAACCAT CTTTACTCCG TCTCTTATAA ACTAGAAGAA TTTCCTTGTA CTGATri .«.<-* 

1090 1100 1110 # 1120 ^ U30 ^ 1140 

TCTTCTTCTT AATAACTCCA AATtItATCA CATTGGAACA ^CCGAAGAAT 
ACAACAACAA TT ATTG A.GGT TTAAAATAGT GTAACCTTCT TCGCTTCTTA TAAACAAAAT 

1150 1160 1170 U80 U90 1200 



CTTTACCTCA GATAACAGTT T AAAGTC AG A GCTCCCCTTA CAGTCCATAA CTTTTACTAT 
CAAATCGAGT CTATTCTCAA ATTTCAGTCT CGAGCCCAAT GTCAGCTATT CAAAATCATA 

U10 1220 1230 1240 1250 1260 
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CTTTCCAGAT ATACCAGAAT GCTCTGGCAA AACATCCTCT ATCATTCAAA GCA7ACTGCA 
CAAAGGTCTA TATGGTCTTA CGAGACCCTT TTGTAGCACA TAGTAAGTTT CC7ATCACCT 



1270 12B0 1290 1300 1310 1320 

TTCAAGATCT TCTCTGGC AC CTCCCTCAGT TGTCCAGTAT TCCAGATTGG CCCCTCATCT 
AAGTTCT AC A AGACACCGTC CACCGAGTCA ACACCTCATA AGGTCTAACC CCCGACTACA 



1330 1340 1350 1360 1370 1380 

TTCAGTTGGG GAAAACTCCA TTATTAGTGG TTCTTACATC CTAACAAAAC CTCCCCTCCC 
AAGTCAACCC CTTTTCACGT AATAATCACC AAGAATGTAG GATTCTTTTC GACGCGACCC 



1390 1400 1410 1420 1430 1440 

CGCACATTCT TTTGTATCTT CCTTAAGCTT AAAGATCAAT AGATCCTTAA ACTATGCAAC 
GCGTCTAACA AAACATACAA GGAATTCGAA TTTCTACTTA TCTACGAATT TCATACGTTG 



1450 1460 1470 1480 1490 1500 

♦ • t • w » « • • • m 9 

TATGCCATTT CGAGTGCAAG ACAACTTCAA AAAGACTCTG AAAACATTCT CAGATATAAA 

ATACCCTAAA CCTCACCTTC TCTTGAACTT TTTCTCACAC TTTTGTAACA GTCTATATTT 



1510 1520 1530 1540 1550 1560 

GTTACTTCAA TTCTTTGGAG TCTCTTTCCT GTCATGCTTA GATCTTTGGA ATCTTAAAGT 
CAATCAACTT AAGAAACCTC AGACAAACCA CACTACCAAT CTACAAACCT TACAATTTCA 



1570 1580 1590 1600 1610 1620 

TACACAGGAA CTGTTCTCTG GTAACAAGAC ATGTCTCACT TTGTCGACTC CACGCATTTT 
ATCTCTCCTT CACAACAGAC CATTCTTCTC TACACACTCA AACACCTCAC GTCCCTAAAA 
T EE LFS CNKT CLS L, W T A R I F> 

1630 1640 1650 1660 . 1670 1680 

CCCACTTTOT TCTTCTTTCA GTGACTCAGT TATAACATCC CTAAAGATCT TAAATGCTCT 
CGCTCAAACA AGAAGAAACT CACTGAGTCA ATATTGTAGG G ATTTCT AC A ATTTACCACA 



1690 1700 1710 1720 1730 1740 

TAAGAACAAG TCAGCATTCA CCCTCAATAG CTATAAGTTC CTGTCCATTG AAGAAATGCT 
ATTCTTGTTC ACTCGTAACT CGGACTTATC GATATTCAAC GACAGGTAAC TTCTTTACCA 



1750 1760 1770 1780 1790 1800 

T ATCT A C AAA GATGTACAAC ATATGATAAC TTACAGGGAA CAAA TTTTTC TAGAAATCAG 
ATAGATGTTT CTACATCTTC TATACTATTC AATGTCCCTT CTTTAAAAAC ATCTTTAGTC 



1810 1B20 1830 1840 1850 1860 

TTTAAAAACC ACTTTGATGT AGAGATATTT TAAATATTCT ACACTTTGCC TTTTTCAGTA 
AAATTTTTCC TCAAACTACA TCTCTATAAA ATTTATAACA TGTGAAACCC AAAAACTCAT 
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1870 
* » 


1680 
* • 


1890 
* » 


1900 


1910 


1920 


ACATTCCAGA 
TGTAAGCTCT 


GATAGCTATT 
CTATCCATAA 


TTTGGTAGGC 
AAACCATCCC 


TGTTTCACTCJ 
ACAAAGTGAC 


AACTCAGTTA 
TTCACTCAAT 


ATCAAAACTG 
TACTTTTCAC 


1930 


1940 


1950 


1960 


1970 


1980 


TATTAACATA 
ATAATTGTAT 


ATTGTTGTAG 
TAACAACATC 


CATAATATTA 
GTATTATAAT 


ATAGTGCAAA 


AGTACATATA 

1 LA lb 


ACTCATTTTG 
IV- At* X AAAAu 


1990 


2000 


2010 


2020 


2030 


2040 


ATGAAAAATA 
TACTTTTTAT 


TTCCAAGACT 
AAGGTTCTCA 


AACTTCAGAA 
TTCAACTCTT 


AAGAGATACT 
TTCTCTATGA 


ATTTTGGATG 
TAAAACCTAC 


TGTATC AG T A 
ACATAGTCAT 


2050 


2060 


2070 


2080 


2090 


2100 


TTTTTCTTTT 
AAAAACAAAA 


TAATAATCAT 
ATTATTACTA 


TCATTTCTGG 
ACTAAACACC 


AGCATTGTTT 
TCCTAACAAA 


TTTCACATAA 
AAACTGTATT 


TTAGTTTTAA 
AATCAAAATT 


2110 


2120 


2130 


2140 


2150 


2160 


AGCTAATTTT 
TCCATTAAAA 


CTAAGCATAC 
CATTCCTATC 


CTTTCCAATT 
GAAACCTTAA 


TTTCCA'lVrr 
AAAGGTAGAA 


•rrriVAUUcr 

AAAACTCCCA 


•rriTXJTCCAG 
AAACCAGGTC 


2170 
■ • 


2180 


2190 
• * 


2200 
• * 


2210 
* • 


2220 
* * 



TCAAGTTCTA AGTATTCACT CGCACTTCTC TCCTCAACTG TAATTCTATT TTTAATAATA 
ACTTC AAG AT TCATAAGTGA CCCTCAACAC AGCAGTTGAC ATTAACATAA AAATTATTAT 

2230 2240 2250 2260 2270 2280 

aaaatoccat. actgtagggt cttcacagta gtgtaggaat actgtacaaa t ac tttttca 
ttttaccgta' tgacatccca gaagtctcat cacatcctta tgacatcttt atgaaaaagt 

2290 2300 2310 

« • ♦ • • ♦ * 

GAAACCAATC CAT&firTT.Ar AAATTCACTC juztcccca 
CTTTCCTTAG GTATCGACTG TTTAAGTCAG TCACCGGT 
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Sequence I.D. No. 2 



M AAA R D P P> 



EVS L R E ATQR K L R R F S EURO 



JCLV ART, EFWD IVA I T A k D £ K> 



•Q X L A Y N QQLS E K L K R K £LPL> 



GVQ YHV FVDP A C A K I C NCCS> 



TLC A L Q CLEK LYG D K w N S F T> 



ILL IHS GCYS QRL P N A S A L G> 



KIF TAL PLCN PIY QML E L K L> 



AMY IDF PLNM NPG I L V T C A D> 



DIE LY S ICE F EFI RFD KPGF> 
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T A L A H P SSLT 



I G T THC V F V L> 



D PF DDL KHR 



D LEY RSC HRFL> 



HKP SIE KHYQ 



F N A VCR PGKF> 



CQO DFA CC 



DI ADL K L D S D Y V> 



YTD SLF YMDH K S 



A KML L A F Y> 



E K 



X G T L S C E I DAY GOT L Q A L> 



G P G 



ATV EYTR NTS 



|f V I K B E S> 



KLV EMR QRIF HLL 



K G T S L N V> 



V V L 



NNS KFYH ICT 



TEE Y L F Y> 



F T S 



DNS L K S E t G L Q * I T F S I> 
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FPD IPE CSCK 



SRC SVfc PCSV 



SVG ENC I I S C 



A H S FVC SLSL 



KAF GVQ DNLK 



LLQ FFC VCFL 



TEE L F S CNKT 



PVC SSL SDSV 



KNK S A F SLKS 



TYK DVE DMIT 
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S C I I Q 3 I L D> 



V E V S R L CPDV> 



SYI L T K A A L P> 



K M N R C L KYAT> 



KSV KTL SDIK> 



SCL DVW N L X V> 



CLS LWT A R I F> 



ITS LKM L N A V> 



Y K L LSI E E M L> 



Y R E QIF LEIS> 



L K S S L M *> 
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WHAT IS CLAIMED IS: 

1 . An isolated nucleic acid which encodes GDP-fucose 
pyrophosphorylase (GDPFPP). 

2. The isolated nucleic acid of claim 1, wherein the nucleic acid has a 
sequence as shown in SEQ. ID. No. 1. 

3. The isolated nucleic acid of claim 1, wherein the nucleic acid 
encodes a GDP-fucose pyrophosphorylase having a sequence as shown in SEQ. ID. No. 
2. 

4. A nucleic acid of claim 1, in a recombinant DNA construct wherein 
said nucleic acid is operably linked to a promoter. 

5. A recombinant DNA construct according to claim 4, wherein the 
promoter directs expression of the nucleic acid in mammalian cells. 

6. A recombinant DNA construct according claim 4, wherein the 
promoter directs expression of the nucleic acid in insect cells. 

7. A recombinant DNA construct according to claim 4, wherein the 
promoter directs expression of the nucleic acid in fungal cells. 

8. A composition comprising an isolated GDPFPP enzyme encoded by 
a nucleic acid of claim 1, wherein the isolated GDPFPP has a molecular weight of about 
66 kD. 

9. The composition of claim 8, wherein the GDPFPP enzyme has a 
sequence as shown in SEQ. ID. No. 2. 



10. A nucleic acid of Claim 1 , which is contained in a cell that is 
genetically engineered to contain said nucleic acid. 
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